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The effectiveness of the heteronudear RELAY expximent is analyzed for a number 
of different spin systems. It k found that the sensitivity of the measurement strongly 
w n d s  on the duration. of the mixing &od and on a proper choice for the m p l i n g  
time in the i, dimension. Good agreement k found between theoretical Waluatians and 
experimental &, obtained for samples of propano1 and cyclosporin A. Q 1985 
Academic P, Irc  

INTRODUCTION 

The heteronuclear RELAY experiment, first introduced by Bolton and M e n -  
hausen ( I ,  -2), can be considered a combination of the homonuclear COSY 
experiment (3-7) and the heteronuclear chemical-shiftamlatien experiment (7- 
I O ) .  In this experiment transfer of coherence occurs in two steps. For a typical ‘H- 
1H-’3C RELAY experiment the magnetization is first transferred from a distant 
proton to a proton that is directly attached to a 13C nucleus. This transfemd 
magnetization is then relayed from the attached proton to the I3C nucleus. This 
method allows adjacent protonated I3C nuclei to be identified ( I ,  2, I I ) ,  provided 
that COSY type transfer between the two protons is feasible, ie., provided that the 
vicinal ‘H-’H coupling is well resolved. 

The RELAY experiment is useful in cases where the monances in the ‘H 
spectrum are overlapped so severely that individual resonance assignment is not 
possible. The use of the RELAY experiment for the study of peptides has recently 
been demonstrated (11, 12). However, it is commonly found that in many 
applications of this technique, the senithity of the experiment is considerably lower 
than that of the heteronuclw shift correlation experiment (10). Also, intensitia of 
relayed and nonrelayed signals are genedly not we11 understood. In this paper a 
detailsd analysis of the RELAY experiment will be presented and general guidelines 
for the Optimization of the experiment for different spin systems will be discussed. 

The operator formalism (13-15) will be used to analyze the behavior of the spin 
system in our discussion of the experiment. In agreement with conventions adapted 
by Wrensen et aI. (13}, a pulse is defined to rotate magnetization counterclochvise, 
is., a 90,” pulse rotates magnetization from the positive z to the negative y axis. 

! 

i 

0022-2364/85 $3.00 512 
CopyrisM 0 1985 by Academic PES% lac. 
All nehts of fcpraluclion in any Farm m. 

! 



513 O ~ I Z A T I O N  OF EXPERIMENT 

THE HETERQNUCLEAR RELAY EXPERIMENT 

A number of slightly different versions of the hderonuclear RELAY experiment 
have been proposed in the Iiterature ( I ,  2, IJ, 16). In this paper the modified 
sequence proposed by Bax (16) and Kessler et al. (11) will be analyzed. The pulse 
sequence is sketched in Fig. 1 and its higher sensitivity is an advantage over the 
original experiment ( I ) .  The effect of this sequence wiU be analyzed for the simple 
case of a weakly coupled AMPX spin system, where A, My and P are protons with 
M coupId to both A and P and JAp = 0 (Fig, 2). Throughout this paper, X is the 
I3C nucleus, directly coupled to proton, M. The assumption Jay Jm 4 Jm is 
made in the following discussions. Application to more complicated systems is 
simple once the expekment is analyzed for the AMPX case. 
In the heteronuclear RELAY experiment, magnehzation is transferred from 

distant proton, A, to attached proton, M, and this transferred magnetization is then 
relayed to its M y  coupled I3C nucleus, X. The correlation between distant 
protons and 13C nuclei i s  the information of interest in a RELAY spectnun. 
Therefore, €os the AMPX system, the most valuable information is provided by the 
transfer of magnetization from A to X (and from P to X). 
The RELAY of magnetization at various stages ofthe pulse sequence (Fig. 1) k 

outlined below. The first 90" 'H pulse mtates the A spin magnetization to the -4' 
axis (time a): 

9% 
111 I,, - - I A y .  

This transverse magnetization evolves during the evolution period under influence 
of the Hamiltonian, QJAz + 2 7 r J ~ I A Z I M z ,  and at the end of the evolution perid 
(time b) the A spin magnetization is described by 

iW&i +2*JM~&dl 

- JAY ' IIA&in(fiAtl) - ~ A $ o ~ ~ . d l ) ~ & ~ ~ A ? d . J A M t l )  

The 183" 13C pulse at the midpoint of the evoIution period refocuses the effect of 
heteronudear coupling and therefore, coupling between spin A and X is not 
included in the Hamiltonian that is used in exprasion [Z]. The first term at the 

FIG. I .  R u k  scheme of the heteronuclear RELAY experiment. The phases of the rf pulses and reoeiver 
are cycled according to Table 1. 
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FIG. 2. Depemhce of the transfer function, Ar), on the duration of the mixing Per;&, r, for an 

AMPX spin system. The function i s  sketched for d u a  of 100 ms (Sorid line), 200 ms (broken line), and 
500 ms (dottad h e )  for the transverse relaxation time, TZM, of proton M. A function value, fo = I, 
comqmnds to the case where all magneblion &at is transferred fkom A to M, i s  also relayed to carbon 
X. Both delays, A, and A,, are assorned to be equal to l/(2Jm). 

right-hand side represents the vector sum of the A spin&ublet components. The 
second term represents the antiphase part of the two doublet magnetimtion V&QIS 

which can, in part? be transferred to spin M by means of the second 90" 'H pulse 
(time c): 

- 

9o;i 
2 [I@(aAt 1) IA#in{aAf 1 )]IM$in(TJAMtl) - 
The first term at the right-hand side of [3J denotes two-spin (zero- and doubk- 
quantum) coherence and cannot contribute to the transfer of magnetization from 
A to X (17). The second term, .IA&, represents the M spin magnetization 
transferred from A that is in antiphase along the %J' axis. Assuming first, for reasons 
of simplicity, that no I3C 180" pulse is applied during the mixing period, T,  the 
180" 'H pulse applied at the midpoint of this interval removes the effects of 'H 
chemical. shift and heteronuclear coupling during this period. However, evolution 
due to homonuclear coupling is not affect& by this pulse. Since M is coupled to 
both A and P, the mmverse M spin magnetization will evolve under the influence 
of the Hamiltonian, 27rJAM1,&, f 27rJJpI~Jpz. Just before the 90" 'H, 13C pulse- 
pair (time d) one obtains: 
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where the coefficients, present in expression [3j have been omitted to simplify the 
expression. The 180" 13C pulse, applied at a time A1/2 before the two 90" (IN 13C) 
pulses, flips the spin state of the I3C nucleus. This makes it appear as if no 
heteronudear coupling is present durkg the last interval, A I ,  of the mixing period. 
Thm, the 180" 'H pulse will not completely refocus the effect due to &. For 
AI = (4JMX}-', the in-phase M win magnetization, present dong the x axis, is 
converted into antiphase magnetization (time d?.according to 

- d x C r W r  

h - - IM& P I  
The term at the right-hand side of expression [5J is completely transferrsd into 
transverse antiphase X spin magnetization by the simultaneous application of a 
90,"('R), 90,"('3C) pulse pair (time e): 

As is the case in hetesonuclear shXt-correlation spectroscopy (81, proton decoupling 
cannot be starzed immediately after the I3C detection pulse because of the antiphase 
nature of the two M spin doublet components. A delay, A2, equal to 1/(W& for 
methine carbons, and 1/(4J~x) for methylene and methyl carbons is inserted before 
'H decouphg is started, M ensures that 'H-decoupled 'C signah can be recorded. 

The mrnplete expression for the relayed @naI with quadrature detection during 
tz is given by 
S ~ x ( b l ,  $3) S i n ( l . J A M 7 ) C O s ( . n ( ~ ~ ~ A ~ ~ ~ ~ ~ ~ ~ ~ A ~ )  

X sin('RJAMF1)sin(n,t,)exp(i~xAz)exp(i~~b2). [7] 

Analogous to phase cycling in the COSY (5-7) and heternnudear shifi-COdatiQn 
experiments (9, incrementing the phases of all pulses in the mixing period by 90°, 
gives a signal of the form 

Taking the difference of Eqs. [73 and [ 8  J gives a Signal modulated in phase as a 
function of tI : 

SAX(fl, td = sin(~J-r)oos(l.JMp~i~(~~~~Al)Si~(~J~XA~) 
X ~ ( ? T . J A M ~ I ) e x p C j 6 1 A t l ) e x p ( i ~ ~ A ~ ~ e x ~ ( ~ ~ ~ ~ ~ ~ .  [9] 

A four-step phase cycle can be used for additional suppression of axid peaks ( 1 ,  11, 
26). The phases of the 'H and 13C 180" pulses were- also cycled in our experiment 
to remove effects due to its spurious 90" character (18), which can cause signi6cant 
distortions in the observed -LAY intensities. Use of a composite 180" 'H pulse 
(19-21) was not adequate on our instrument. The actual phase cycling us$d is 
presented in Table 1. 
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OPTIMIZATION OF EXPERMENTAL PARAMETERS 

The factors to be considered for optimization of the heternnuclear RELAY 
experiment are (a> maximizing the intensity of the relayed signals, @) minimizing . 
the intensity of the nonrelayed signals, and (c) optimizing the resolution in the 2D 
spectrum. These points WiIl be addressed below. 

Maximizing RELAY Intensity 

The amount of magnetization relayed from proton, A, to carbon, X, depends QII 
how much magnetization is transferred from A to M and on the amount of 
magnetization that is transfend from M to X. From expression [9], it is seen that 
for the AMPX system the dependence on the duration of the mixing period can be 
described by a transfer hncLion, AT$, given by 

flr) = s i n { ' K J ~ 7 S c Q s ( ~ J ~ T ~ ~ ~ - T /  X Z M )  I101 
where T2, is the transverse relaxation time of spin, M. The shape of this function 
is sketched in Fig. 2 for hfferent values of the relaxation time, T 2 ~ .  A general 
expression for the transfer function (11) for an arbitrary spin system, AnMjXk 
where M is coupled to A and X and to a number of other spins, labeled k, is given 
bY 
fir) = ~0~?..r,,7)sin(7.JnM7SCos" ' ( ~ J m r ) ~ i n ( ~ J m A i )  

k 

x cospt(~~~~A,)s;ll~J1Ynrdz)exp(-7/TZM). 11 11 

TABLE I 

The Phases of the rf Pulses and of the Receiver in the Various 
Skps of the Heternnudm RELAY Experiment" 

step 4t 4 2  43 RtXXiVW 
- .  
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a The pulse sequence- is drawn in Fig. I. 
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In this exprmion, n and j denote the degeneracies of Spins A and M, respectively. 
For example, for transfer from the methyl protons to the adjacent methylene carbon 
in propanol (C&CHZCH@H), n equals 3 a n d j  equals 2. Spins, IC, are the two 
protons directly attached to the carbon that is bonded to the hydroxyl group, For 
the case where carbon, X, is directly attached to two noneqw'valent methylene 
protons, M and Q, the transfer hnction is the s u m  of two contributions, transfer 
via M and transfer Via Q: 
fir) = C O s ( ~ ~ ~ ~ ~ ) ~ i n ( ~ ~ * M 7 ) C O S ~ - 1 ( ~ ~ * M 7 ) C o S ( ~ ~ ~ ~ 7 ) s ~ ~ ~ ~ ~ ~ A , ) S i t l i ~ ~ ~ A ~ Z )  

k 

X C O S ( T & ~ A Z ) ~ X ~ I - ~ / ~ ~ M )  f ~~.;Takr)sin(~~~~~~AJAp7)cos"-'(~J~~~) 
k 

X COS( X & Q T ) S ~ (  ~ J Q x A  I )sin (.KJQX A&os( X&QA&XP(-T/ T'Q). [ 1 21 
Transfer functiom.of these types are sketched in Fig. 3 for a number of different 
spin systems. These diagrams serve Q ~ Y  to give an indimtion for what mixing time 
to choose in order to optimize a certain trpe of RELAY transfer; in actual use of 
the RELAY experiment one has to estimate the size of the couplings involved and 
mlculate the transfer effic5ency on the basis of Eq. [ 1 1. J or 1121. 

A second factor, of major importance for maximizing the intensity of RELAY 
peaks in 2D spectra, is the transfer efficiency of magnetization from n equivalent A 
spins, A,, to spin M. For a spin system where H equivalent spins, A, are coupled to 
M and to a number of other protons, r, tks transfer efficiency, as a function of II , 
is given by 

g(t1) = i.I ~S(~~*~I)~n("-rbMtl)exp(-t,/T2*)* 1131 
r 

The shape of this function is shorn in Fig. 4 for a number of different spin systems. 
Again, for calculating the transfer eficiency as a function of t l ,  one has to estimate 
the size of the couplings involved and substitute these in Eq. [13]. It is seen froin 
Eq. [13] that the transfer efficiency as a function of 61 oscilIates strongly. Of wum, 
in the 2D experiment r1 values are systmatidy stepped between 0 and 61mx and it 
i s  the average of g(t1)2 over this period that determines the total amount of signal 
power ?hat will be present in the 2D spectrum. If fl, is long c o r n p r d  to the 
recipmcal of all couplings, JAr, this signal power will be spread over 2"F1 muItipIet 
components in the F, dimension, decreasing the maximum peak intensity by a 
factor 2' relative to the case where spin A is only coupled to M. AlternativeIy, tIms 
can be chosen short to avoid this distribution of intensities. However, because of 
the factor sin(rJAMtl) in Eql. [13], the RELAY intensity will be distributed over a. 
minimum of two multiplet components chat have an antiphase relationship. In the 
heteronuclear chemical-shift-~~lation experiment, the appearance of multiplet 
splittings in the Fl dimension (and cansequent loss in sensitivity) can be avoided 
by using a tlmw < (2JHHJ' (IO). For the REJAY experiment such a short tl,, 
can lead to severe sensitivity loss since mutual cancellation of antiphase components 
in the Fr multirrlet structure wil1 owur. Evaluation of Fq. [ 131 gives an idea about 
which tlmu to select, and even in 
M can be an inefficient process. 

th is case, the transfer of magnetization from A to 

.. . . __ . . . . . . 
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FIG. 3. Dependence of the transfer function,fIr), on the duration of the mixing period for different 
spin systems, mumkg a T2 value for spin M of 200 ms, and v i a  pruton ooupljngs of 7 HE. (a) AM& 
system, for example; msfer of magnetization from the C, proton to the C, methyl CarBDn in alanine. 
(b) A3MX system, for example, h n s f e r  fi& the C, methyl protons to the C. carbon in N-methyl 
alanine. (c) A3QMXP3 system, for example, transfer from the C, methyl protons to the C, carbon in 
valine. (d) A M X P Q  system, for example, transfer from the C, proton to the C, carbon in valine. For 
all. four curves, A, and A? valua q u a l  to l/(2JMx) are assumed, with the exmptiw of the AM3X system 
(curve (a)), where the calculation is hxd on a A, value of 1/(4J&. 

Minimizdion of Nonrelayed Signals 
The presence of intense resonazlces due to direct correlation, in our case the 

correlation b e e n  M and X, can obscure the presence of weak RELAY peaks. A 
clever way to suppress such direct correlation peaks has been proposed by Kogler 
et al. (22). However, in practice, their modification can sometimes be inconvenient 
because of the large amount of phase cycling needed. If this modification is not 
used, partial suppression of direct comlations can be obtained by means of digital 
filtering. This will be briefly discussed below. The amount of M spin rnagnehtbn 
that is generated by the fmt 'H pulse (time a in Fig. 1) and is h d l y  transferred to 
spin X, has a dependency, h(bl), on the duration of the evolution period, given by 
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h(tl) = JJ c ~ s ( ~ . ~ ~ I ) c ~ ~ ( ~ . J A M ~ ~ S ~ X P ( - ~ ~ / T ~ M )  1141 
k 

where spins k denote again all protons but A, that are coupled to M. Partial 
suppression of this type of signal can be obtained by using, in the tl dimension, a 
digital filter that has the shape of F q  [13]. Such a digital filter provides matched 
6lterhg for the ELAY signal, whereas direct correlations are strongly attenuatd 
This type of filtering p r d u r e  has proven to be sucoessful in the COSY experiment 
(23, and is also applicable in the heteronuclear RELAY experiment. Note however, 
that due to reasons explained in the previous section, the acquisition time in the tl 

-. . .~... . . - - -  . .. . . .- . .. 
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dimension, ti-, is often chosen rather short (-75 ms), and consequently g(br) will 
approximately have the shape of a sine bell (241, which is more convenient for 
practical use. 

Optimization of Resolution 

In the past, heteronuclear RELAY spectra Rave almost exclusively been recorded 
in the absolute value mode. This is convenient but not optimal as far as resolution 
and sensitivity axe concemd. However, recording of pure absorption-mode spectra 
is impossible unless experimental modifications (25) are used that would cause a 
loss in sensitivity. In the 2D heteronudear RELAY spectrum, peaks that carrespond 
to €he direct cumlation between M and X and to the RELAY connectivity between 
A and X compare, respectively, with the diagonal and cross peaks in a COSY 
spectrum. These types of resonances are 90" out of phase relative to one another, 
and additionally, the individual multiplet components in a COSY cross multiplet 
(which compare with AX RELAY) are in antiphase relative to one another. 
Praenting the RELAY spectrum in. the absolute-value mode is therefore an 
acceptable alternative. To avoid tailing of  the absolute-valusmode resonances, a 
sine-bell digital filtering window (241, ox a pseudo echo window (26) can be used. 
As is explained in the previous section, such filtering functions have the additional 
advantage that they are close to matched filtering for the RELAY signals, whereas 
they strongly decrease the intensity of direct correlations. 

RESULTS AND D E ~ S S I O N  

We have verified experimentally the agreement between the theoretical transfer 
functions and measured RELAY intensities+ Experiments were performed on a 50% 
v/v mixture of propanol in 'H20 on a Nicolet 270 MHz spectrometer, equipped 
with a 5 mm 13C probe- Nineteen two-dimensional experiments were performed 
with mixing times varying from 5 to 150 MS. The intensities of the four observable 
RELAY peaks are depicted in Fig. 5, together with the themetid curves that are 
based OR Eq. [ 1 11- Good agreement between theoretical and experimental values is 
found (Fig. 5) if complete phase cycling is used (Table 1). If not used, significant 
deviations from the theoretical curve were found, apecjallv for relatively long 
mixing times. 

The dependence of the AX RELAY peak intensity on the A spin multiplet 
skcture is demonstrated for the valine and N-methyl valine residues in cydosporia 
A, a compound investigated in detail by pvodhensional NMR methods (12). 
Using m. [l I), magnetization RELAY has been optimized for transfer of magneti- 
zation from the c, hydrogen to the C, carbon resonance, and a mixing time, 7, of 
16 ms is actually used. The C, proton of N-methyl valine is a doublet in 'the proton 
spectrum, with a coupling of 11 .O HZ to the C,  proton, whereas in valine the C,  
proton is a dnubIet of doublets with a coupling of 8.2 Hz to the amide proton and 
9.0 Hz to the C, proton. On the basis of Eq. [13], it is evident that the RELAY 
intensity for the N-methyl valine should be signifcanzly larger than for valine. This 
is expefimentaUy confirmed. Figure 6 shows the region near the C, 13C resonances 

- 
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FIG. 5. Comparison of experimental and themetid d u e s  of RELAY intensilia as a filnctiw of 
mixing time, for 3 50% v/v mixture of propanol CH3CH2C&OH. (a) Relay from the protons, GI, to 
the methylene carbon, C-2. (b) Relay from methyIene protons, C-2, to methyl carbon, C-3. (c) Relay 
from methyl protons, G3, to carbon C-2. (d) Relay from protons G2 to Garbon C-I. Opm circles are 
the expimental points, and the solid linw represent the values based on Eq. [ 111. AI1 2D spectra were 
m r d e d  under identid conditions on a 270 MHz spectrometer. 

in the RELAY spectrum of a 150 mM solution of cyclosporin A in CDCl3, obtained 
at 500 MHz. An acquisition time of 85 ms has been used in the t, dimension, and 
a sinebell @tal filter was used. The two RELAY peaks of inter& are marked by 
mows, and clearly the valine RELAY peak has much lower intensity than the IV- 
methy1 v a h e  RELAY peak. In the regular heteronuclear shift-correlation spectrum 
(not shown), the intensities of all correlation peaks between the C, protons and 
carbons are nearly identical for all amino acid residues if short acquisition times 
(-50 ms) in the tl dimension are used. 

I 
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FIG. 6. Region of the C, ’v resonances in the RELAY spectrum of cyclosperh A h ClXl3, recorded 
at 500 MEz,  The RELAY peaks M w e m  the C, proton and the C, Earbon in the valine and N-methyl 
vahe m i d m  are indicated with arrows, and the =LAY peaks between the C, methyl protons and the 
C, carbon are marked “X.” 

Another interesting conclusion, drawn on the basis of Eqs. [11]-[13] and 
confinned experimentally, is that it is genedly much less sensitive to relay 
magnetization from a methine proton to an adjacent methylene or methyl carbon 
than from the methylene or methyl protons to the methine carbon. For example, 
=LAY peaks between the methyl protons and the C, carbon are very intense for 
both valine residues shown in Fig., 6 ,  whereas sensitivity did not pennit observation 
of RELAY peaks between the C, proton and the methyl carbons, even when an 
optimum mixing time was used. Experimentally, we have found that the intensity 
of RELAY peaks is usualIy a factor of 3 to 10 lower than i s  the intensity of peaks 
in a heteronuclear shiift-correlation spectrum, provided that both experiments are 
optimized for sensitivity, and recorded in identical measuring t ims+ For saturated 
polycyclic hydrocarbons with many nonequivalent geminal protons, it is found on 
the basis of Eqs. [ 1214 143 that it is very difficult to obtain effective magnetization 
RELAY. In unfortunate cases, magnetization RELAY can be as much as a factor 
of 20 lower than in the shift-correlation spectrum. This experiment nonetheless 
proVida, even in this case, significantly better sensitivity than does the 20  
INADEQUATE experiment (27-29). An alternative version of the heternnuclear 

t 
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RELAY experiment, named “‘pseudo double-quantmtn S ~ X ~ S C O ~ Y ’ ’  (30}, has the 
advantage that no choice for the duration of the mixing p e d d  has to be made, but 
provides pseudo-RELAY intensities that will be somewhat lower than obtahed in 
the heternnuclear RELAY experiment under a p t i W  conchtion$. This lower 
sensitivity is due to the fact that in the pseudo doubleqirantum experiment the 
mixing time is effectively varied between 0 and tl,J2, providing a less efficient 
mechanism for magnetization RELAY than does a single optimizd duration. 

ACKNOWLEDGMENTS 

The authors are indebted to R Tschudin for continuous technical suphrt and thank Dr. a. Kwlm 
for sending a preprint of Ref (12). 

REFERENCES 

1. P. I-L BOLTON, J. Magn. Reson. 4$, 336 (1982). 
2. P. H. BOLTON AM) G. BODENHAUSEN, Chmn. P h p  Len. 89, 139 (1982). 
3. J. JEENER, Ampere International Summer school, Bask0 Pol$?, Y u g d i a ,  1971. 
4. W. P. AUE, E. Bmmom~, AND R. R ERNST* J. Chmn phys. 64,2229 (1976). 
5. K. NAGAYAMA, k Ku- K WDIHRI~H, AND R R ERNST, J: Magx Reson. 40,321 (1980). 
6. A. BAX AND R FIEEMAN, J.  M w .  Reson. 44, 542 (1981). 
7. A. BAX, TweDimenional Nudm Magnetic Resonante in Liquids,” Reidel, Boston, 1982. 
8. A. A. MA&, L mi ha^, AND R R. ERNST, J. Map. Ram. 28,463 (1977). 
9. A. BAX AND G. A. M o w  J.  Magn. Reson. 4 5  501 (1981). 

1 

i 
I 10. A. EAX, in “Topim in carbon-13 NMR SpeEtFasmw” (G. C. Levy, Ed.), Vol. 4, chap. 8, Wiley, 

I I .  H. KESWB, M. BERND, H. KOGLER, J. ZARBOCK, 0. W. &QtENSm, G. BODENHAUSEN, AND 

12. H. KESSLER, H. R. LOCISLI, AND H. oscHKINA.f, “Symposium h o b  Peptide” (U. Ragnarsson, 

13. 0. W. MRENSEN, G. W. EKw, M. H. LEvrrr, G. BODENHAUSEN, AND R. k ERNST, Prop. Nud. 

14. K J. PACKER AND K. M. WRIGHT, Md. PhYS. 

New York, 1984. 

R R Emn, J. Am- C h  Soc. 105,6944 (1983). 

Ed.), h q v i s t  & Viksd, Stockholm, in prm. 

Mw.  Reson. S p t r o x .  16, 163 [1983). 
797 (1983). 

15. E J. M. VANDE V m r m  C. W. HILBER$, J. Magn Reson. 54, 512 (1983). 
16. A. BAX, J. Magx Reson. 53, 149 (1983). 
17. A. BAX AND G. DROBNY, J. Mqp. Reson. 61, 309 (1985). 

19. M. H. LEWIT AND R. FREEMAN, J.  Mw. Reson. 33,473 (1979). 
20. N. H. m, J. Magn. Resort. 48,234 (1982). 
21. M H. Urn,  J. M q .  Resm So, 95 (5982). 
22. H. KOGLER, 0. W. ~&ENSEN, G. BODENHAUSEN, AND R. R ERNST, J. M Q ~ K  &$opt. 55, 157 

23. A. SAX, R. A. BYRD, AND R AszALos, J. Am. Chem Soc. 106,7632 (1984). 
24. A. DEMARCO AND K. Wc)THRJcH, J: M g n .  Reson. 24,201 (1976). 
25. U. PIANT[NI, 0. W. WRENSEN, AND R R. ERNST, J. Am. chem. Sm 104,6800 (1982). 
26. A. BAX, R. -AN, AND G. A. MORRIS, J. M#gm Reson. 43,333 (1981). 
27. A. BAX, R FREEMAN, AND T. k F k ~ ~ K l e r ,  J. Am. €hem. Soc. 103,2102 (1981). 
28. A. BAX, T. A. ~ K I ! & ,  R. F~EEMAN, AND M. A. LEvrrr, J. Map. R e m .  43,478 (1981). 
29. T. H. MAREn AND R. FFSEMAN, J. Magn. Reson. 48, 158 (t982). 
30. 0. W. !WRENSEN AND R R ERNST, J. Mag#- Resun. 55, 338 (1983). 

18. G. BODENHAUSEN, R. FREEMAN, AND D. L. hnwER, J. Magrt. Reson. 27, 51 I (1977). 1 

~ 

(1 983). 


